ABSTRACT The blacklegged tick, Ixodes scapularis Say, a vector for the agents of Lyme borreliosis and other diseases, has expanded its range dramatically over the past 20 yr. However, the relative contributions of different vertebrate host species to this expansion have remained largely unexplored. To address this issue, we simulated the expansion of a theoretical tick population across a simple landscape by using a deterministic, spatially explicit, cellular automata model. The model incorporates the ecology of ticks and three vertebrate hosts: white-tailed deer, Odocoileus virginianus Zimmermann; white-footed mouse, Peromyscus leucopus RaÞnesque; and American robin, Turdus migratorius L. Host contribution to tick dispersal is modeled as a function of tick burden, home range size, and population density. These parameters were determined using published and unpublished data. Our results suggest that 1) hosts with high tick burdens and large home ranges (e.g., deer) play a critical role in I. scapularis range expansion; 2) hosts with small home ranges (e.g., mice) can limit range expansion if they divert a sufÞcient number of ticks from feeding on more mobile hosts; and (3) birds that migrate annually (e.g., robins) can play a crucial role in tick range expansion.
THE BLACKLEGGED TICK, Ixodes scapularis
, is the principle vector in North America for the agents of Lyme borreliosis (Steere et al. 1978) , human babesiosis (Spielman et al. 1985) , and human granulocytic ehrlichiosis (des Vignes and Fish 1997) . Both intensiÞed surveillance efforts and an actual range expansion have led to an increase in the documented geographical distribution of the tick over the past several decades (Spielman et al. 1985 , Barbour and Fish 1993 , Ginsberg 1993 , Dennis et al. 1998 . Because the presence of I. scapularis provides opportunities for pathogen transmission, the speciesÕ range expansion plays a pivotal role in the emergence of tick-borne diseases into previously unaffected areas (Matuschka and Spielman 1986) . Understanding the factors that promote tick dispersal therefore would increase substantially the ability to predict and manage disease risk (Ginsberg 1993 , Wilson 1998 .
Despite the intensiÞed surveillance, a lack of appropriate data and baseline information has made it difÞcult to understand the mechanisms underlying range expansion. First, there is a reporting bias against identifying areas where ticks are absent (Coan and Stiller 1986, Dennis et al. 1998) . Second, most ecological studies on I. scapularis were not designed to monitor I. scapularis spread. Consequently, the available data on presence, absence, and relative abundance of I. scapularis have not been collected on temporal intervals or geographical scales suitable for appreciating dispersal dynamics.
Regardless of the lack of data, two main features of the I. scapularis lifestyle indicate that the range expansion mechanism must involve vertebrate hosts. First, I. scapularis crawls no more than a few meters during any of its life stages (Daniels and Fish 1990 , Falco and Fish 1991 , Daniels et al. 1996 . Second, as a three-host tick, each postembryonic life stage (larva, nymph, and adult) requires a single blood meal to molt to the next life stage (Sonenshine 1991) . Therefore, one I. scapularis tick moves only as far as the vertebrate hosts it has parasitized during its lifetime (Bloemer and Zimmerman 1988 , Daniels and Fish 1990 , Wilson 1998 .
In the absence of desired data, computer simulations can be used to develop and compare hypotheses about the roles of hosts in dispersing I. scapularis. These hypotheses can then be later tested and veriÞed with Þeld data when available. Recent statistics-based habitat suitability models have demonstrated the need for certain abiotic conditions to ensure population survival. However, the models also indicate that biotic factors such as host species composition must be suitable to allow tick population establishment (Guerra et al. 2002 , Brownstein et al. 2003 . Although researchers have previously used other biological models to understand I. scapularis ecology, none have included a spatially explicit component (Ginsberg 1993 , Van Buskirk and Ostfeld 1995 , Mount et al. 1997 , Giardina et al. 2000 , LoGiudice et al. 2003 .
Our approach consists of Þrst building a model of I. scapularis population dynamics across time and space as a function of the home range sizes, relative tick burdens, and relative densities of the vertebrate host community. The model is a deterministic, spatially explicit, cellular automata model that consists of an ecological community including I. scapularis, three representative vertebrate host species, and a simpliÞed landscape. Whereas stochastic models are often used to model spatial spread, we opted for a deterministic model because the variances and distributions of most of the parameters we used are unknown.
To explore the roles of different host species, i.e. tick dispersal, we constructed models of alternative host communities (by modifying parameter values) and then compared the behavior of the respective scenarios. We hypothesized that 1) range expansion would occur more rapidly in communities that are dominated by hosts with larger home ranges; 2) hosts with smaller home ranges would decrease the rate of range expansion if they divert a sufÞcient proportion of ticks from feeding on hosts with larger home ranges; and 3) through migration, birds could increase the rate of range expansion if their tick burdens and densities were sufÞciently high.
Materials and Methods
Model Setup. Our model, written in Cϩϩ (Stroustrup 2000) and run in the Slackware Linux 8.0 operating system, incorporates aspects of tick and host biology onto a hypothetical landscape loosely based on the northeastern United States (for which the most data are available). The landscape consists of a square matrix of 473 ϫ 473 cells, with each cell representing a 1-km 2 plot. This setup was chosen because 1) it is the largest possible square conÞguration given the limits of our computing power, and 2) preliminary runs of the model indicated this would be a sufÞcient size to observe the effects of host composition on tick dispersal. Our cellular automata model uses a "Þve-square neighborhood" (Packard and Wolfram 1985) in which the number of ticks found in a given plot directly depends on characteristics of that plot and its four adjacent neighbors. Plots at the edges of the study matrix have fewer neighbors inßuencing their dynamics; likewise, ticks that move beyond the edges of the study matrix are lost from the simulation.
Model Parameters (Table 1) . We assume the presence of a simpliÞed host community, consisting of only three vertebrate species: white-tailed deer, Odocoileus virginianus Zimmermann; white-footed mouse, Peromyscus leucopus RaÞnesque; and American robin, Turdus migratorius L. The white-tailed deer has a relatively large home range (Bertrand et al. 1996 , Aycrigg and Porter 1997 , Kilpatrick et al. 2001 and is important for tick reproduction and population maintenance because it is the deÞnitive host of the tick , Daniels et al. 1993 . Furthermore, in this model, it is the only host that feeds adult ticks. The white-footed mouse has potentially high densities (Wolff 1985, Krohne and Hoch 1999) and is important for feeding immature ticks , Main et al. 1982 , Ostfeld et al. 1996 . We chose an avian host to test the dispersal effects of migration. Not only does the American robin participate in yearly migrations (Sallabanks and James 1999) but also, compared with other avian hosts (for which there are available data), it feeds a large number of immature ticks , Battaly et al. 1987 , Battaly and Fish 1993 , Stafford et al. 1995 , Smith et al. 1996 , Rand et al. 1998 , Scott et al. 2001 .
We assume that individuals of the same host species are behaviorally identical. Thus, every individual of the same species has an equal probability for acquiring ticks; there is no aggregated distribution of tick parasitism. All host populations are considered to be at stable equilibria, with equal birth and death rates and equal immigration and emigration rates between plots. These equilibria allow host densities to remain constant throughout the entire simulation and result in zero net movement between plots. All other host parameters also remain constant throughout the simulation; thus, there are no seasonal or density-dependent modiÞcations to these parameters. Additionally, there are no interspeciÞc interactions such as predation and competition. (Fish 1993) . We make the simplifying assumption that the host-seeking rate remains constant during D Seeking . Tick Life Cycle. After the host parameters are calculated, the model enters an iterative cycling mode. One iteration of the model corresponds to one tick life stage ( Fig. 1) , and each tick life stage acts as a discrete, nonoverlapping time step. Three iterations of the model comprise one complete tick life cycle. The Anderson and Magnarelli 1980; Main et al. 1981; Fish and McAninch 1985; Telford et al. 1988; Wilson et al. 1990; LoGiudice et al. 2003 ; D.F., unpublished data.
b Giardina et al. 2000 . c Anderson and Magnarelli 1984 , Battaly et al. 1987 , Magnarelli et al. 1992 , Battaly and Fish 1993 , Stafford et al. 1995 , Rand et al. 1998 , Giardina et al. 2000 simulation models one I. scapularis cohort at a time. The ßow of one model iteration (a single time step) is as follows: At the beginning of each model iteration, we use the host densities and their tick burdens to calculate the maximum possible number of ticks of a given life stage (n Max ) that can be supported by the host assemblage in the index plot and the four adjacent plots. Then, we compare this Þgure with the actual number of host-seeking ticks of the given life stage in the plot (n Seeking ) to determine the actual number that successfully feed on a host (n Engorged ). Engorged ticks are next distributed between the index plot and its four neighbor plots and then experience mortality ( Table 1 , m). Survivors molt to become the next stage of host-seeking ticks (n Seeking ), and another iteration of the model begins. When the survivors are gravid females, eggs are laid, and a new generation of larvae emerges.
In this model, female ticks are able to mate both off-host and on-host, and an equal sex ratio is assumed. We assume that if at least two ticks are present in a plot, 50% of females successfully Þnd a mate off-host, and if at least two ticks are present on a host, 100% of females (excluding those that mated off-host) successfully Þnd a mate on-host. Gravid females are assumed to produce 3,000 eggs each (Fish 1993, F) . Egg mortality is included in the adult mortality Þgure (Daniels et al. 2000 , m A ), and no additional, separate egg mortalities are imposed because these values are largely unknown . See the appendix for model details and Table 1 for complete list of parameters.
Dispersal Scenarios. All simulations were run for nine model cycles, the equivalent of 18 yr, assuming a 2-yr I. scapularis life cycle (Fish 1993) . In addition to a simpliÞed host community, we used a simpliÞed landscape (composed of identical plots) to focus on host-related factors. The initial larval density, calculated from data from Westchester County, New York, was set at 11.5 million ticks per km 2 (Daniels et al. 2000) and was distributed as a single row of plots at one edge of the study matrix, simulating tick dispersal on the edges of a range-expansion front. Fractional values for numbers of ticks in a plot or on a host were not rounded throughout the duration of the simulation. However, only plots with greater than or equal to one tick were considered to have a persisting population, due to either self-sustaining or immigration dynamics. The measured output from each time step was each plotÕs host-seeking tick density. Those plots with at least one tick per km 2 were considered to be colonized during that time step.
Sensitivity Analysis. Before conducting host-density manipulations, we performed a sensitivity analysis using a Spearman rank correlation (Zar 1996) in SAS version 8.2 for Windows (SAS Institute 2001) on all input parameters. The Spearman rank correlation was used because all input parameters (except tick mortalities) were varied by 4 orders of magnitude around the default value, necessitating the use of a nonparametric test. Each input parameter was varied while holding all other parameters constant at their default values. For tick mortalities, we varied input values by Ϯ0.05 and 0.10. Whereas the default values for robin and mouse adult tick burdens are 0, the sensitivity analyses for these two parameters were conducted with a default value set to 1, because 1 is the smallest nonzero whole number. The response variable in the sensitivity analysis was the total area colonized at the end of the Þnal time step.
Host Density Variation. To evaluate hypotheses about host contributions to tick range expansion, we varied the densities of the three modeled host species while holding all other parameters constant. The densities were varied by 3 orders of magnitude lower and 1 order of magnitude higher than the default values, yielding 125 host density combinations (Table 3 ). The higher density was chosen to simulate the unlikely event of excessive population numbers, whereas the lower densities were chosen to simulate a host population reduction (natural or artiÞcial). Using deer, mouse, and robin densities as independent variables, a multiple linear regression analysis using SAS version 8.2 for Windows (SAS Institute 2001) was conducted for the response variable (total area colonized at the end of the Þnal time step). Violations of the assumptions of normality and homogeneity of residual variance for the linear regression were assessed by analysis of the residuals using the QQ plot and plots of the residuals. The Squared Semipartial Correlation type II estimated the proportion of outcome variance explained by each of the predictor host density variables.
Population Threshold Trials. We conducted two additional simulations to determine the minimum tick (larval ϩ nymphal) density drop-off required to establish a population at the center of the study matrix in a single plot or a single row of plots. These two additional simulations considered "off-grid" movement, which we deÞned as any movement that occurred between the study matrix and areas at least 1 km outside of the edge of the study matrix. It is in this context that we explore the potential of bird-mediated tick range expansion.
In the Þrst simulation, a range of values for initial tick density was tested to approximate a one-time introduction of ticks originating from off-grid locations. The second simulation was conducted with an annually replenished supply of ticks to approximate the effects of yearly introductions. The population threshold value was the minimum number of introduced ticks that could sustain a population enduring All 125 combinations were tested, including the default/control condition (in bold).
for at least 18 yr (at least one plot had greater than or equal to one host-seeking tick at the end of the simulation). We assumed that tick-feeding bird species have similar attributes to robins, and we used a combined mean tick burden for larvae and nymphs (new B bird ϭ 1.5). Using B bird , we calculated the probable number of migrating birds required (in addition to year-round resident birds) to achieve these threshold values. B bird assumes that migrations occur when tick host-seeking activity is at an intermediate level (i.e., not at a peak or trough). In both of these introduction scenarios, all parameters pertaining to local host movement were held constant at the control values. We assumed that off-grid tick immigration and emigration due to nonavian hosts occurred at equal rates, resulting in a net change of zero. To estimate the lowest possible number of required ticks, we assumed that avian hosts did not transport ticks that were already on the grid to any off-grid locations. (Fig. 2) . Starting with the third generation of ticks, there is intracohort variation in the area colonized, with larvae colonizing the largest area. The advancing front of colonizing ticks moved at a rate of 14 km in 18 yr (0.78 km/yr). Additionally, in the years immediately before a plot is successfully colonized (has one or more host-seeking ticks), it experiences a low-density inßux of transient ticks (Fig. 3) .
Results
Sensitivity Analysis. The Spearman rank correlation demonstrated that the model output is sensitive (P Ͻ 0.05) to most of the input parameters (Table 4 ). The model is highly sensitive ( ϭ Ϫ1.0, P Ͻ 0.0001) to tick mortality values as well as mouse and deer home range sizes and nymphal burdens. Over the values tested, the model output is not sensitive to any robin-related parameters. According to the Spearman rank correlation coefÞcients (), all parameters to which the model is sensitive are positively correlated with the total area colonized except tick mortalities and mouse tick burdens. Host Density Variation. The relationship between the densities of the three hosts and expansion was modeled using multiple linear regression. Initial investigation of model assumptions revealed that after excluding the scenarios where deer density was too low for expansion to take place (deer density, 0.042/ km 2 ), the QQ plot and plots of the residuals did not show a signiÞcant departure from normality or homogeneity of variances. The multiple linear regression analysis produced an overall signiÞcant relationship (F ϭ 19.9, df ϭ 3, P Ͻ 0.0001). However, deer are the only species with a signiÞcant role in tick dispersal (P Ͻ 0.0001), yielding a positive relationship with expansion (Table 5 ). According to the Squared Semipartial Correlation type II, the density of white-tailed deer explains 48% of the variance in the amount of area colonized. Mice (P ϭ 0.21) and robins (P ϭ 0.95) were not found to have signiÞcant roles in expansion in the overall model. In addition, the removal of the low deer density scenarios did not signiÞcantly affect parameter estimates. If deer densities are held constant at the default level of 42 deer per km 2 , however, the model is still signiÞcant (F ϭ 8.4, df ϭ 2, P ϭ 0.0012) with only mouse densities as a signiÞcant predictor variable (P ϭ 0.0004). In this case, mouse densities have a negative relationship with the rate of range expansion (Table  5 ). The positive inßuence of deer density and negative inßuence of mouse density on range expansion are shown in Figs. 4 and 5, respectively. Population Threshold Trials. Through our population threshold trials, it was determined that the minimum I. scapularis density required to sustain a viable population in a single colonization event was Ϸ30,000 ticks per km 2 (requiring 20,000 birds per plot) for a single plot or 5,000 ticks per km 2 for a row of plots (requiring 3,300 birds per plot). With constant, yearly colonization, only 300 ticks per km 2 were necessary for a viable tick population in both one plot and a row of plots (requiring 200 birds per plot per year). The trials also demonstrated that even colonization events with tick densities below the establishment threshold would often yield populations that persist for at least one generation before going extinct.
Discussion
Host Contributions to Tick Dispersal. For all host species, tick burden and home range size both combine to yield the observed effect of host density. Therefore, species such as deer with high per host tick burdens (B Max ) and large home ranges (w 2 ) will have the greatest capacity to disperse I. scapularis. Deer are especially important for dispersal because they transport adult female ticks, which essentially equate to thousands of larvae. Mice, with their small home ranges, may have sufÞciently high densities (d) to decrease range expansion if they divert a sufÞcient number of immature ticks from feeding on deer. The lack of an observed robin effect (without migration) most likely results from their comparatively small tick burden and intermediate home range size. However, our choice of including only the robin in the model most likely underestimates the role of birds in general, because several other bird species are important hosts for ticks Fish 1993, Rand et al. 1998) .
One central assumption we make is that with the presence of low tick densities or high host densities, hosts of different species will divert ticks from each other. The true dynamics of this phenomenon in real landscapes remains largely unknown, but some supportive evidence exists. Studies on I. ricinus have found lower Borrelia spirochete infection prevalence among ticks in areas with high deer density compared with areas with low deer density, suggesting that reservoir-incompetent deer divert immature ticks from feeding on their preferred hosts, which are reservoircompetent rodents (Matuschka et al. 1993, Talleklint and Jaenson 1996) .
In our model we have included only three host types, and whereas this simpliÞcation is permissible for initial modeling purposes, tick dispersal phenomena in real systems are undoubtedly affected by the entire host community. As a host generalist, I. scapularis is passively dispersed by numerous host species with differing dispersal abilities, including mammals, birds, and lizards, and different tick life stages often have different host preferences , Wilson et al. 1990 ). Our sensitivity analysis results indicate that a host with a high immature tick burden and a small home range, or the capability to feed adult ticks (e.g., some medium-sized mammals; Fish and Dowler 1989) , could be expected to decrease the rate of I. scapularis range expansion. That is to say because most hosts have smaller home ranges than deer, increasing the numbers and types of nondeer host species could decrease the dispersal impact of deer. However, in real host communities, I. scapularis range expansion is the effect of the complex interplay between host local movement, host dispersal (one- way, long-distance movement), and host migration (repeated, two-way, long-distance movement). For different hosts, all of these factors function on different temporal and spatial scales and with different timing in relation to tick host-seeking phenology.
Additionally, it should be noted that increasing host densities will increase the maximum number of supportable ticks (n Max ) in a plot, thus increasing tick population numbers. Therefore, there may be a tradeoff associated with increasing host densities. Higher host densities could increase tick population levels, and if hosts with smaller home ranges do not divert a sufÞcient number of ticks from hosts with larger home ranges, then tick range expansion could occur at a faster rate.
Bird Migration. The results of our population threshold trials indicate that repeated drop-offs of I. scapularis (as might occur with yearly bird migrations) probably contribute signiÞcantly to range expansion by propelling ticks beyond the slower range expansion front that is propagated through local host movement. The number of birds required per year to achieve the tick population threshold (i.e., minimum density required to establish a population) would be easily attainable, given that all the birds do not have to deposit ticks simultaneously and that multiple migrating bird species could contribute their ticks. The number of birds required to drop off ticks in a single successful colonization event was higher for a single plot than for a row of plots. This may be the result of rescue effects between contiguous, colonized plots. The number of birds required to drop off enough ticks in a single eventÑ both in one plot and one row of plotsÑis much higher than for continuous drop-off events. Such densities may be achievable in island stopovers on bird migration or dispersal routes. It should be noted, however, that the actual number of ticks required for population establishment could be higher if there is substantial tick outßow from the newly colonized area. The importance of bird migration should be reßected in an increased rate of expansion in the north-south direction compared with the east-west direction on a continental scale (French et al. 1992 ). Additionally, due to the timing of bird Fig. 4 . Range expansion according to different theoretical deer densities (number per square kilometer). Area colonized is measured as the number of plots with at least one host-seeking tick. All parameters except deer density were held constant in these trials. migration with respect to immature I. scapularis hostseeking activity (i.e., phenology), birds would be expected to disperse larvae southward and nymphs northward.
We make our conclusions with three caveats. First, birds must drop ticks into areas with suitable abiotic conditions and host communities to allow tick survival. Second, the population threshold method that we used does not truly reßect a migration pattern. During migration, birds will ßy a certain distance and then remain resident in a location before continuing on their journey (Sallabanks and James 1999) . This behavior may affect local tick movement. Third, the ability for birds to disperse ticks depends heavily on tick burden, which is affected by the timing of migrations in relation to tick host-seeking phenology (Klich et al. 1996) . As such, the tick burden value we use is probably an overestimate, and the number of birds required to establish a tick population is probably higher in real landscapes than the simulation suggests.
Extrapolating Results to Real Landscapes. Our results offer tantalizing future directions for the study of the complex factors involved in tick range expansion. First, the sensitivity of the model to many of its parameters indicates the need for accurate values, which despite some research efforts (Davidar et al. 1989, Levin and Fish 1998) , are especially lacking for onhost tick mortality, yearly host tick burdens, and host behavior and home range dynamics. Accurate parameter estimates and range expansion data at the appropriate scale would be necessary to test and validate the model. Second, the inclusion of all host seasonal movements (e.g., migration and juvenile dispersal) should increase the rate of range expansion, because seasonal movements occur over longer distances than daily movements (Stenseth and Lidicker 1992) . Third, introducing spatial heterogeneity to the modeled landscape would make the model more realistic (Maupin et al. 1991 , Duffy et al. 1994 and allow for geographical barriers to I. scapularis spread (e.g., rivers and urban areas). Fourth, the length of the I. scapularis life cycle greatly inßuences the rate of expansion. If environmental conditions promote a life cycle shorter (southern United States) or longer (Canada) than 2 yr (Klich et al. 1996) , the rate of expansion will change accordingly.
Implications for Pathogens. Because host species have different reservoir competences (i.e., ability to harbor and transmit pathogens) in addition to different dispersal abilities, ticks infected with pathogens may spread at different rates than uninfected ticks. Consider, for example, Borrelia burgdorferi, the causative agent of Lyme disease. Deer are important for I. scapularis range expansion, but their reservoir incompetence ) must make them less important for transporting infected ticks. Therefore, reservoir-competent, migrating birds such as robins (Richter et al. 2000) , although having lower tick burdens, make an extremely important contribution to dispersing infected ticks (Smith et al. 1996 , Rand et al. 1998 , Scott et al. 2001 . Additionally, the transported infected ticks would increase Lyme disease risk whether or not there are enough ticks to establish a population. Whereas mice are reservoir competent for B. burgdorferi , they have small home ranges and must therefore contribute to a comparatively slower range expansion of infected ticks. Although we have discussed implications for B. burgdorferi, other tick-borne pathogens should spread similarly if host reservoir competences are similar to that for B. burgdorferi. Ultimately, a spatially explicit model such as ours could be used to understand the overall role of vertebrate host-mediated tick dispersal in the emergence of human risk for tick-borne disease.
Appendix
Animal home range sizes (breeding territories for robins) ( Tierson et al. 1985 , Bertrand et al. 1996 , Kilpatrick et al. 2001 mouse, Wolfe 1968 , Mineau and Madison 1977 , Wolff 1985 , Schug et al. 1991 and robin, Sallabanks and James 1999, DeGraaf and Yamasaki 2001) . Home range is assumed to be square shaped, with a constant size (w 2 ), never Ͼ1 km 2 . Home range width (w) is calculated as the square root of the home range size. To calculate a host speciesÕ probability for contacting an adjacent plot (E p ) by using equation 2, we envision a strip of half the home range width ͩ w 2 ͪ within the perimeter of a plot. We then assume the individuals of a host species are randomly distributed within the plot. Therefore, the proportion of individual hosts with contact to an adjacent plot will equal the proportion of area contained in the strip in relation to the area of the entire plot. The variable L is the length of one side of the plot, or 1 km in this case.
An iteration (time step) of the model begins with a number of host-seeking ticks (n Seeking ) from either user-speciÞed initial conditions or the preceding model cycle. At the beginning of such a time step, for each plot in the simulation, the total number of ticks of a particular life stage supported by the host assemblage ( Equation 6 thus assumes that as host densities increase, if n Deaths ϭ 0, individual host tick burdens will decrease, and they will all decrease by the same factor (i.e., n Seeking /n Max ). After host seeking is completed, the number of engorged ticks distributed to each plot (n Engorged ) is calculated using the general equations 3 and 4, where n ϭ n Engorged and B ϭ B Actual from equation 6. Additionally, n Neighbors equals the number of ticks entering the index plot (immigrants). The number of ticks that leave the index plot (emigrants) for each of the neighboring plots is calculated as ͚ i ʦ species d i B i E p,i and is depicted as f(n Neighbors ) in Fig. 1 .
After the engorged ticks are deposited in a plot, they undergo a Þxed, off-host mortality rate. These mortality rates are representative of an established population in Westchester County, New York, and are estimated to be 84% for larvae (m L ), 81% for nymphs (m N ), and 98% for adults (m A ; Daniels et al. 2000) . Due to the timing of tick collections, these mortality values are not confounded by the effects of tick recruitment onto hosts. The surviving ticks then molt to the next life stage or, if they are gravid females, lay eggs that will become the larvae of the next cohort and thus begin another iteration of the model.
